A mountain-scale, thermal-hydrologic (TH) numerical model is developed for investigating unsaturated flow behavior in response to decay heat from the radioactive waste repository at Yucca Mountain, Nevada, USA. The TH model, consisting of three-dimensional (3-D) representations of the unsaturated zone, is based on the current repository design, drift layout, and thermal loading scenario under estimated current and future climate conditions. More specifically, the TH model implements the current geological framework and hydrogeological conceptual models, and incorporates the most updated, best-estimated input parameters. This mountain-scale TH model simulates the coupled TH processes related to mountain-scale multiphase fluid flow, and evaluates the impact of radioactive waste heat on the hydrogeological system, including thermally perturbed liquid saturation, gas-and liquid-phase fluxes, and water and rock temperature elevations, as well as the changes in water flux driven by evaporation/condensation processes and drainage between drifts. For a better description of the ambient geothermal condition of the unsaturated zone system, the TH model is first calibrated against measured borehole temperature data. The ambient temperature calibration provides the necessary surface and water table boundary as well as initial conditions. Then, the TH model is used to obtain scientific understanding of TH processes in the Yucca Mountain unsaturated zone under the designed schedule of repository thermal load.
INTRODUCTION
Since the 1980s, the 500-700 m thick unsaturated zone (UZ) of Yucca Mountain, Nevada, USA, has been extensively investigated as a potential subsurface repository for storing high-level radioactive wastes. While site characterization has been carried out mostly for analyzing unsaturated flow and tracer transport under ambient conditions Wu et al. 2002) , the inherent nature of nonisothermal flow and transport processes, created by repository heating from radioactive decay, has also motivated many research efforts to understand coupled thermalhydrological (TH) behavior and its impact on repository performance within the UZ. In particular, significant progress has been made in quantitative TH modeling studies at Yucca Mountain Haukwa et al. 2003; Buscheck et al. 2002) .
The need to quantitatively characterize TH processes occurring in the UZ geological formation at Yucca Mountain has posed a tremendous challenge for investigators as well as motivated a continual effort to develop and apply different scale fluid and heat flow models (Tsang and Pruess, 1987; Pruess et al., 1990a; 1990b; Buscheck et al., 1994; Haukwa et al., 1999; Buscheck et al., 2002; Mukhophadhyay and Tsang, 2002; . These numerical models have played a crucial role in understanding coupled fluid and heat flow as well as in assessing how TH conditions affect various aspects of the overall UZ waste disposal system. These modeling investigations are complementary to laboratory studies and field heater experiments to study physical processes on the temporal and spatial scales relevant to understanding nuclearwaste-repository performance in a geological formation.
Despite the significant advances made in modeling TH processes within the UZ repository system at Yucca Mountain, previous studies have been (for the most part) limited to small spatial-and temporal-scale analyses. For large, mountain-scale multidimensional modeling exercises, the effective continuum model (ECM), rather than the more rigorous dual-continuum approach, has often been resorted to in these studies (Wu et al., 1995; Haukwa et al., 1999) . This choice primarily results from the numerical difficulty and computational intensity involved in solving highly nonlinear coupled two-phase fluid flow and heat transfer under boiling conditions in unsaturated fractured rock. In recent years, mountain-scale TH models implementing the dualpermeability approach have been developed (Haukwa et al., 2003) with a two-dimensional model. Mountain-scale TH processes have also been investigated with the multiscale thermalhydrologic model (Buscheck et al., 2002) . In general, there has been the lack of modeling effort using the 3-D, large spatial and temporal scale, fully coupled TH analyses in Yucca Mountain fractured rock using the dual-permeability modeling (DKM) approach. It is in this context that the 3-D, mountain-scale, fully coupled TH model is presented in this paper. This paper presents the results of our continuing effort to develop a representative mountainscale fully coupled TH model that could characterize TH processes in the UZ repository under thermal load (Wu et al., 2005) . More specifically, the TH model implements the current geological framework and hydrogeological conceptual model, and incorporates the updated input parameters (Wu et al., 2004) . Using the rigorous dual-permeability modeling approach, the TH model described in this paper implements a full 3-D representation within the repository and UZ system, which explicitly includes every waste emplacement drift of the repository in which flow and heat transfer processes along drifts are approximated as porous-medium phenomena without considering the details of air dynamics within the tunnel. For a better understanding of the ambient geothermal conditions of the UZ system, the TH model is first calibrated against measured borehole temperature data under the ambient geothermal condition, providing the needed surface and water table boundary as well as initial conditions for the TH model.
In this paper, the 3-D mountain-scale TH model is presented to study the TH perturbation at Yucca Mountain. The objective is to investigate spatial and temporal perturbation and its impact on temperature, matrix and fracture liquid saturation, and percolation fluxes in the mountain caused by repository heating. Distribution of infiltration fluxes at the top of the mountain and thermal loading at the repository are the two factors that primarily control the evolution of TH processes in the mountain. Changes in the infiltration flux resulting from climate changes have been accounted for in this paper by considering a time-dependent net infiltration map with a three-step increase, representing present-day, monsoon, and glacial climates. The impact of repository thermal loading on TH processes in the mountain has been investigated in this study by considering two separate thermal loading scenarios with or without ventilation along repository drifts.
HYDROGEOLOGICAL AND NUMERICAL MODELS
The geological model used for developing the TH model numerical grid is based on the current geological framework model for Yucca Mountain (BSC, 2004a) . In this geological model, the UZ geological system is organized into layered hydrogeologic units, based primarily on the degree of welding (Montazer and Wilson, 1984) , the Tiva Canyon welded (TCw) hydrogeologic unit, the Paintbrush nonwelded unit (PTn), the Topopah Spring welded (TSw) unit, the Calico Hills nonwelded unit (CHn), and the Crater Flat undifferentiated (CFu) units.
Shown in Figure 1 is the 3-D numerical grid used in this study for the mountain-scale TH model, in which the 3-D UZ model domain is represented using an irregular, unstructured, control-volume grid (Pan et al., 2001) . The 3-D TH model grid, as shown in Figure 1 in its plan view, covers approximately 20 km 2 of the area, uses a refined mesh in the vicinity of the emplacement drifts, and incorporates every repository drift explicitly by taking into account their orientations, lengths, elevations, and spacing. Specifically, a grid spacing of 81 m is used in the direction perpendicular to drifts, the same as the designed drift spacing. At the repository horizon, a segment of a 5.5 m diameter cylinder is inserted and used to represent waste emplacement drifts for thermal-loading TH studies. The 3-D TH model grid consists of 86,440 gridblocks and 343,520 connections between the gridblocks in a dual-permeability mesh.
The modeling approach used in this work for handling multiphase flow and heat transfer through fractured rock is based on the dual-permeability method. This approach considers global fluid and heat flow occurring not only between fractures but also between matrix blocks. In this approach, one rock-volume domain is represented by two overlapping fracture and matrix continua. The fracture-matrix fluid flow is evaluated using the quasi-steady-state approximation (Warren and Root, 1963) , which has been extended for estimating local energy exchange terms between fracture and matrix systems.
The actual simulation of physical processes associated with fluid and heat flow in fractured tuffs are carried out using the TOUGH2 code (Pruess et al., 1999) . Fluid flow and heat-transfer processes in a two-phase, air-water system of fractured rock are described separately using a doublet of governing equations, respectively, for the two fracture and matrix continua. Twophase flow is described by the multiphase extension of Darcy's law, whereas relative permeability and capillary functions of both fractures and matrix are assumed to follow the model of van Genuchten (1980) . Heat-transfer mechanisms in the two-phase system include conduction, convection, and radiation, associated with latent heat caused by phase changes in vaporization (boiling) and condensation in the fractured rock. The integral finite-difference scheme is used for spatial discretization, and time discretization is carried out with a backward, first-order, finitedifference scheme. The resulting discrete nonlinear algebraic equations for describing mass and energy conservation are written in a residual form and solved using the Newton/Raphson iteration scheme. In the TH model, input parameters for fracture and matrix rock as well as fluid properties were estimated in several studies (Wu et al., 2004; Ghezzehei and Liu, 2004; Pan and Liu, 2004) . In addition, thermal properties, including grain density, wet and dry thermal conductivity, and grain-specific heat for each model grid layer, are provided in Wu et al. (2004) . Temperaturedependent fluid properties, such as fluid density, viscosity, and specific enthalpy, are incorporated in the formulation of the TOUGH2 code.
Repository Block
The repository thermal load and its schedule are shown in Figure 2 , based on an average initial thermal line load of 1.45 kW/m, along each emplacement drift for the radioactive heat source, decreasing with time as a result of radioactive decay. A base-case thermal load scenario is that heat is removal by forced ventilation, for which, during the first 50 years after waste emplacement, 86.3% of the heat is assumed to be removed by ventilation. After the first 50 years, the full thermal load becomes applicable (i.e., no difference in thermal load with the noventilation case). The no ventilation case is used for sensitivity analysis in this paper. Note that the actual process of ventilation is not modeled in this study, though the heat-generation rate is reduced to account for heat removal by ventilation. The 3-D TH model uses the ground surface of Yucca Mountain (or the tuff-alluvium contact in areas of significant alluvial cover) as the top model boundary, and the water table is treated as the bottom model boundary. Both the top and bottom boundaries of the models are specified as constant over time, but spatially varying temperatures and gas pressures. The water table is relatively flat, increasing its elevation only in the north. At the southern part of the model domain, the water table is about 730 m above sea level (masl). Gas pressures are estimated as 92 kPa at an elevation of 730 masl. The surface gas pressures are then determined by running the TOUGH2 software to steady state under given temperature, bottom pressure, and surfaceinfiltration conditions. In addition, at the surface boundary, the TH model uses three net infiltration rates as a step function of time for surface-water-recharge boundary conditions. The three averaged net infiltration rates consist of one present-day and two future (monsoon and glacial infiltration, respectively) scenarios, determined by studies of modern and future climates (BSC, 2004b) for their spatial distributions. The actual timing of the three TH-model infiltration rates are shown in Table 1 , indicating average values over the model domain for three time periods: present (0 to 600 years), monsoon (600 to 2,000 years), and glacial transition (2,000 years and beyond).
RESULTS AND DISCUSSION
In this section, results are presented from the 3-D mountain-scale TH model to provide predictive information about the responses of the UZ system under thermal load (Wu et al. 2005) . More specifically, the simulation results presented here are compared for the impact of ventilation on mountain-scale TH processes. Figures 3 (3A and 3B) and 4 (4A and 4B) show contours of temperatures simulated along the repository horizon of the 3-D numerical grid, respectively, at 100 years and 1,000 years for the two scenarios with and without ventilation. The simulated temperatures at repository horizon after 100 years of repository thermal load with ventilation, as shown in Figures 3A and 3B , indicate a large difference in simulated temperature contours from these two thermal loading scenarios with and without ventilation. Figure 3B shows FIGURE 3B. Rock temperature distribution at the repository horizon 100 years after waste emplacement as predicted by the 3-D TH model
Temperature
At a longer time of 1,000 years, as shown in Figures 4A and 4B , the boiling condition still lasts along the central portion of drifts away from the repository layout boundary for both scenarios. Note that boiling or near-boiling zones for the non-ventilation case ( Figure 4B ) is larger than in the ventilation scenario ( Figure 4A) . However, the difference becomes smaller when compared with Figures 3A and 3B for 100 years. This indicates that the impact of 50-year ventilation gets progressively weaker as time goes on. Note that after 1,000 years, the thermal effect of repository heating starts decreasing (Figure 2 FIGURE 5B. Rock temperature distribution at the n-s cross section 5,000 years after waste emplacement as predicted by the 3-D TH model
Percolation Flux
One of the primary utilities of the mountain-scale TH model is to analyze the impact of repository heating on the spatial distribution of percolation fluxes. Using the 3-D numerical grid, the ambient vertical fracture fluxes in a horizontal cross section at the repository horizon are shown in Figure 6 . The ambient percolation flux distribution of Figure 6A is based on the present-day infiltration scenario (see Table 1 ). In the central part of the repository (to the left of the Drillhole Wash Fault), the percolation fluxes in the fractures are on the order of 7-9 mm/year under ambient conditions. Compare Figure 6A with Figure 6B , which shows the contribution of vertical fracture fluxes at 500 years in the same cross section as that of Figure 6A . Percolation fluxes significantly increase in the repository horizon, particularly in the areas directly above the drifts. Again, water displaced from the rock matrix by boiling condenses above the dryout zone and drains through the fractures. As a result, percolation fluxes in the fractures above the drift increase considerably during and immediately after the boiling periods at 500 years with repository thermal loading under ventilation conditions. FIGURE 6B. Model-predicted total vertical flux distribution at repository horizon at 500 years after nuclear waste emplacement (the base-case model with ventilation)
Percolation flux distribution under repository thermal loading without ventilation is more clearly seen in Figure 6C . In this thermal loading scenario, the percolation flux above the repository (in the condensate zone) is twice the ambient infiltration, resulting from displacement of matrix pore water by boiling. At the same time, model results show that fracture fluxes just below the repository are considerably smaller. Because of the capillary barrier effects of the emplacement drifts, water cannot enter the drifts and is diverted through the pillar region, resulting in a relatively dry region below the drift. FIGURE 6C. Total vertical flux distribution at repository horizon 500 years after waste emplacement as predicted by the 3-D TH model without ventilation
SUMMARY AND CONCLUSIONS
This paper describes a 3-D, mountain-scale TH model and its application to assess thermal and hydrological responses to repository heat release at Yucca Mountain. The TH model numerically simulates the impact of nuclear-waste heat release on the natural hydrogeological system, including a representation of heat-driven processes occurring at the repository drifts (as well as in the far field). The mountain-scale TH model provides a predictive tool for thermally affected liquid saturation, gas-and liquid-phase fluxes, and water and rock temperature.
The 3-D mountain-scale TH model in this paper uses the dual-permeability modeling approach for handling fracture-matrix interaction. The 3-D TH model grid, though having relatively coarse grid spacing, incorporates every repository drift explicitly by taking into account orientations, lengths, elevations, and spacing of the repository drifts, such that adjacent drifts are represented one-to-one by adjacent gridblocks 81 m wide. To account for future climates and their impact on TH behavior at the repository, the mountain-scale TH model implements three infiltration rates over three time periods, stepped up sequentially over the modeled period: present-day (0-600 years), monsoon (600-2,000 years), and glacial transition (2,000 and beyond). Initial and boundary conditions are obtained by calibration to observed geothermal gradients at Yucca Mountain. Representative repository thermal load at Yucca Mountain is used as the source of heating. Two thermal loading scenarios are investigated. In the first scenario, no heat is removed by ventilation. In the second scenario, approximately 86% of the repository thermal load is removed by forced ventilation during the first 50 years after waste emplacement.
Mountain-scale TH model results demonstrate that when heat is removed by ventilation, rock temperatures around the drift barely reach boiling (although temperatures within the drifts may be above boiling). However, the enhancement in fracture percolation fluxes during the thermal period near the repository drifts is significant, but relatively smaller compared to the noventilation thermal loading scenario. Overall, the impact of ventilation on the evolution of TH processes at Yucca Mountain is limited in the vicinity of the drifts and during the first few hundred years or so. Elsewhere in the mountain and at other times, the TH conditions are comparable between the two thermal loading scenarios.
The mountain-scale TH models in this paper provide a contemporary understanding of the TH processes likely to occur in the mountain. These models not only provide useful predictions about the TH conditions in the mountain, but also provide the considerations for safe design of the repository. As a result, the reliability of these models is an important issue. There are, of course, certain limitations to the mountain-scale models, and one significant limitation to the mountainscale TH model in this paper is that it does not incorporate small-and large-scale heterogeneities within each stratigraphic unit. In addition, repository heating causes chemical and mechanical changes in the rock. These chemical and mechanical changes in turn alter the hydrological properties of the rock, which have the potential to alter the TH response of the rock. These dynamic changes in the rock concurrent with repository heating have not been considered in this paper. Future modeling efforts may be directed towards resolving some of these issues.
